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Electrochemical  Parameterization  of  Metal  Complex  Redox  Potentials,  using  the 
Ruthenium  (.III  )/Ruthenium(  II )  Couple  to  generate  a  Ligand  Electrochemical  Series. 

By  A.B.P.Lever 

Dept,  of  Chemistry,  York  University,  North  York  (Toronto),  Ontario .  Car; ad a  1 


Abstract 

A  ligand  electrochemical  parameter,  El( L ; ,  is  described  tc  generate  a  serie 
which  may  be  used  to  predict  M(n),/M(n-1  '•  redox  potentials  by  assuming  that 
ligand  contributions  are  additive.  In  this  fashion  it  performs  a  similar 
purpose  to  the  Dq  parameter  in  electronic  spectroscopy.  The  parameter  is 
defined  as  1/6  that  of  the  R j(  Ill  )/Ru(  1 1  >  potential  for  species  RuLe  ir. 
scetor.tr ile.  The  El(L)  values  for  over  200  ligands  are  presented  and  One 
model  is  tested  over  a  wide  range  of  coordination  complexes  and  organometal 
species.  The  redox  potential  of  a  M(n)/M(n-1)  couple  is  defined  to  be  equal 
to:-  Ecaic  =  f[SEi,;L)j  +  C.  The  values  of  f  and  C,  which  are  tabulated, 
depend  upon  the  metal  and  redox  couple,  and  upon  spin  state  and 
stereochemistry,  but,  in  organic  solvents,  are  generally  insensitive  to  the 
net  charge  of  the  species.  Consideration  is  given  to  synergism,  the  potent! 
of  isomeric  species,  and  the  situations  where  the  ligand  additivity  model  i 
expected  to  fail.  In  this  initial  study,  the  redox  couples  are  restricted 
almost  exclusively  to  those  involving  the  loss  or  addition  of  an  electron  t 
the  t2g  (in  Oh)  sub-level. 
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Int reduction 

In  the  mid  1970s  there  appeared  a  series  of  papers  dealing  with  the  pcssibi.i* 
of  correlating  electrochemical  (oxidation)  potentials  with  HOMO  energies  and  ligand 


substitution  effects. 

Treichel  and  co-workers  1-2  demonstrated  that  in  a  series  of  manganese  care  ony 
isocyanide  derivatives  successive  replacement  of  CC  by  MeCN  raised  the  oxidation 
half -potential.-  potentials  by  0.5V  per  ligand  substituted.  Sarapu  and  Ker.sk®  3 
further  showed  that  these  changes  in.  half-potentials  upon  ligand  substitution  were 
linearly  correlated  with  the  HOMO  energy  (from  which  orbital  oxidation  occurred  '  33 
calculated  by  the  r.on-emp irical  Fenske-Hall  MO  analysis.  Parallel  studies  by  Pio.-:et 
and  Fletcher  4  -5  also  with  general  complexes  of  the  type  [Ml CO )e -r.Lr. 3 y*  led  them  * 
int reduce  the  equation: 


E-  ox;  -At  n[dE°/dn]L  +  Cy 


( ‘  \ 


where  dE°/dn  is  the  change  in  potential  upon  replacement  of  nCO  by  n  ligands,  E(  ;x 
is  *:he  metal  oxidation  potential  ar.d  A  and  C  are  constants. 

This  relationship  does  not  permit  a  distinction  to  be  made  between  isomeric 
pairs  of  eomp'lexes  such  as  cis  and  trans-ML4L'2  and  this  led  to  the  development  of 
rather  more  complex  relationships  which,  in  the  case  of  the  carbonyl  complexes  were 
related  to  how  many  of  the  metal  dm:  orbitals  overlapped  carbonyl  it*  orbitals . 8  ■ 7 . 
This  area  has  recently  been  reviewed  a. 

Subsequently,  there  have  been  a  relatively  small  number  of  papers9-15  which 
have  developed  these  equations  and  utilised  ligand  parameters,  Pl ,  where  Pl  - 
dE°/dn  initially  being  defined  4  as:- 


Pl  r  Ec/2[Cr(C0  '8]  -  Ei/2[Cr(C0)sLl 


(2) 


There  has  not  been  widespread  use  of  this  approach  since  Pl  values  are  known 
relatively  few  Ligands.  Its  lack  of  use  may  3lso  be  because  it  was  seen  to  be  of 
value  to  crganometallic  chemistry,  rather  than  to  coordination  chemistry  in  genera 

However,  the  common  basis  of  this  approach  is  the  concept  that  electrochemica 
potentials  are  additive  with  respect  to  ligand  substitution,  at  least  with  respect 
substituted  metal  carbonyls.  In  this  paper  we  explore  the  premise  that  this  is  in 
fact  a  very  general  observation,  common  to  both  crganometallic  and  coordination 
chemistry.  Indeed  we  demonstrate  that,  for  a  wide  range  of  different  complexes, 
electrochemical  potentials  are  additive  with  respect  to  ligand  variation  and  we 
discuss  well  defined  and  predictable  situations  where  this  is  not  the  case. 

Assuming  ligand  additivity  to  be  widely  justifiable,  the  intent  is  to  define 
ligand  electrochemical  parameter  which,  in  the  fashion  that  Dq  defines  the  crystal 
field  electronic  spectrum  of  a  metal  complex,  would  permit  the  definition  of  the 
redox  energies  of  a  metal  complex. 

An  important  implication  of  such  a  parameter  is  the  conclusion  that  all  ligar.i 
would  behave  in  the  same  relative  way  to  many  metal  redox  couples,  be  the  ligands 
hard  or  soft,  and  this  observation  would  require  some  rethinking  of  our  chemical 
tending  models  and  concepts. 


W®  introduce  an  electrochemical  standard  based  upon  the  change  in  : 
r u then  Lurk  III )/ ruthenium'  II >  couple  in  organic  solvent  (usually  aeetoni* 
function  of  bound  ligand.  A  new  set  of  ligand  parameters,  El,  are  prop" 
r.  r  -ad  utilisation  across  both  organometai lie  and  coordination  ■  e-hem; 
values  for  ever  25/  ligands  being  currently  defined  here. 

r:-®v;  eusly  there  have  been  many  studies  relating  electrochemical  pc 
wi/e  range  of  other  properties  such  as  charge  transfer  transit  ior.  energ: 
phot  '.elc -tt*‘in  binding  energies,  kinetic  parameters,  and  many  different  : 


he 
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vibrational  frequencies,  such  as  CO,  N2  and  M-H  stretching  frequencies.  e*-o  8  "nus 
the  El  parameter  has  the  promise  of  wide  applicability.  A  preliminary  report  :f  tnis 
method  has  been  made  16 .  Haga  and  co-workers  17  have  recently  noted  the  additivity  :i 
ligand  contributions  to  ruthenium! Ill  )/  ruthenium! II )  potentials  in  some  mixed 
bi dent ate  amine  ruthenium  complexes,  while,  earlier,  Tfouni  and  co-workers  18  n ,-ed 
similar  behaviour  for  some  ruthenium  complexes  in  aqueous  medium. 

Data  are  restrif>ved  to  electrochemical ly  reversible  or,  at  least, 
quasi -reversible  r^dox  couples  involving  the  metal  ion,  M(n)/M/n-l).  Data  In  this 
paper  refer  almost  exclusively  tc  redox  processes  occurring  within  the  non  -f  ording  :r 
weakly  n -bonding  (or  anti-bonding)  tag  (in  octahedral)  sub-=et. 

This  procedure  should  be  used  with  caution  in  situations  where;  a)  there  are 
extraordinary  synergist ic  interactions  between  metal  and  ligand,  to  the  potent iais 
ere  significantly  solvent  dependent  because  of  a  special  solvent  interact  :,r. ,  - 
strong  covalent  interaction  leads  to  "non-innocent"  behavior,  or  'non -innocent 
ligands  are  present,  e.g.  NO,  d)  equilibria  are  present  such  that  the  potential  of  a. 
complex,  in  either  oxidation  state  M(ri)  or  Mdn-l),  say  MLxYy  depends  upon  the  bulk 
concentration  of  L  or  Y,  e.g.  where  L  and/or  Y  are  solve lysed  rapidly,  or  where,  for 
example,  a  supporting  electrolyte  ion,  X"  might  displace  L  or  Y,  or  in  general  any 
preceding  or  following  coupled  chemical  reaction  which  significantly  changes  the 
inner  shell  environment  of  the  metal  ion  in  either  oxidation  state,  e>  the  additivity 
contribution  of  a  bulky  ligand  depends  upon  possible  steric  interactions  with  other 
co -ligands  and  f  >  for  example  the  hole  size  in  a  macrocycle  is  fixed  and  therefore 
will  be  an  important  factor  in  determining  the  metal  ligand  binding  energy,  e.g.  the 
metal  may  be  in  or  out  of  the  plane.  While  exercising  caution  in  this  respect,  the 
deviation  of  the  observed  from  calculated  potential  may  provide  useful  energy 
information  concerning,  for  example,  synergism  or  non-innocence  etc. 

Redox  couples  involving  ligand  processes  are  not  included  tut  there  is  -vib-n  e 
that  these  are  related  to  metal  couples  13  so  that  these  may  ultimately  be  included. 

Fxpf:riim?ntal 

Ali  the  electrochemical  data  discussed  here,  drawn  from  the  previous  literature 
as  appropriately  referenced  in  the  Appendix,  are  cited  against  NHE.  Where  other 
standard  electrodes  (3CE,  3SCE,  AgCI/Ag  etc.)  were  used  the  data  were  eorrec'-rd 
according  to  Bard  and  Faulkner.20.  Many  authors  added  ferrocene  as  an  internal 
reference  to  their  electrochemical  cell.  To  correct  to  NHE,  the  ferrocer.iu.ty ferrocene 
couple  is  assumed  to  lie  at  0.665V  vs  NHE  in  acetonitrile.  21 

Results  and  Discussion 


A  standard  Electrochemical  Data  Set 

A  standard  parameter  set  should:- 

i)  be  based  upon  a  single  standard  redox  process  of  a  metal  center, 

ii )  be  available  for  a  very  wide  range  of  compounds  by  var  iation  L’t  ligand. 

iii)  be  electrochemical ly  reversible  or  quasi -reversible . 

iv )  be  relatively  solvent  and  supporting  electrolyte  independent. 

v'  have  potentials  which  are  largely  independent  of  the  net  charge  on  the  molecule  Lr. 
organ 1 « -  so  1 ven t s  and 


vi ;  be  largely  independent  of  isomerism  (cis/trans.  mer/fuc  etc.) 

The  set  of  compounds  [ Pa ( bpy >nX< e-2n>Jy*  <n=0-3> ,  (bpy  -  2,2  '  -bipyridine  ;•  wh--re 
X  may  represent  monodentate  or  polydentate  ligands,  meet  criteria  <;  i-vi  •  jar 
excellence  and  an  ext  raord  inar  i  I  y  large  number  are  known  .’3.22.20,  These  firmer  *0- 


. a 


se-  from  which  the  ligand  parameters 
is  t!.c  Pu ■,  1 1  i  .  "Pu(  [  1 >  coup  Le  and  e  1  e<: 
"--•r-nt  ligands,  fcr  these  von;p iexes .  m. 
opy  a)2*  cat i-.-n  was  first  considered ; 


•xul-d  oe  tier ivec .  The 
trochemi  cal  informaf  h 
_  ■  1  lected  in  acc 
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'■'Ocurs  at  1.53V  vs  N' 
Since  this  complex 


iverage  r-pcrta::  pof-er.vial 


dns  six  lies  to 


•  '  —  M  p  *.r»  J  -C  »*  h.F 


ne  hl 


2.  2  -bipyridine  was  :  .rst  defined  to  be  1  .tie- 
in  the  complex  [Ru(bpy >nL.8-2n .  T.  =  . 
for  1 igand  L,  Sl(L>,  was  derived  sir  h  that : - 


. i  .  .Coc  a. 


RuII:  pur: 


2n  *  0 . 255  \  +  (r.-;-2n  )  *  Kie  l.  .' 


In  general  one  may  have  data  for  complexes  of  rhe  type  Fu  tp; 


providing  two  independent  evaluations  of  Eli L  > .  or.ee  a  vaiu- 
Va lues  for  RuLe ,  where  available,  where  L  may  a Iso  be  LL  r 
ino laded  in  the  data  set,  providing  three  independent  eve  id' 
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Hu>' III  ,V  Ru(II  '  couples  of  the  general  complexes  ruXxYyZ* .  assuming  ligand  aid 


for  X,  Y  and  Z.  The  averages  of  these  values  which  usually  do  not  differ  by 


-ban  2CmV  :■  are  listed,  for  a  large  range  of  ligands,  in  Table  1.  Ligar.  is  shew 
larger  variations  from  one  complex  to  another,  are  indicated  by  •' # ) )  in  Tail 
are  discussed  in  more  detail  below. 

Thus  fer  [RuXxYyZzl ,  tlie  calculated  potential,  Ec&ic,  ir.  aoet  in  it  ri  le  . 
-he  El(  L  :•  data  presented  in  Table  1.  is  given  by:  - 


E.r«*i  -  =  x  +  El-.  X;  +  y  +  Eli  Y  >  +  z  *  El-:  Z 1 

i 

-  11  aiEu.  hi:  -  [  1;El  3  'in  abbreviation) 


:  4t 


The  extent  to  which  ligand  additivity  is  valid  ir.  ruthenium  •-•enpiexes  is 
in  Eig.l.  where  the  observed  versus  calculated  potentials  for  Id?  mixed  „ig 
ruthenium  complexes  (which  were  not  included  in  the  basis  set  to  defir.-  El-. 
displayed.  Supporting  electrolyte  effects  ar°  generally  sir-all  24 .  i>&  S  - 1  •/■=•>  - 
on  ?u( III )/Ru( II )  couples  are  also  generally  very  small  where  different  rgnr. 
s  Iver.ts  are  concerned,  though  with  some  exceptions . 26-ue  Nevertheless  wher- 
possible,  data  recorded  in  acetonitrile,  a  very  common  eleotroehemi  ;-al  silver 
utilised.  The  actual  calculated  and  observed  values  for  these  and  all  "ther 
displayed  data  are  collected  in  the  Appendix.  Ideally  the  best  line  thru  ugh 
data  set  should  have  a  slope  of  unify  and  pass  through  the  origin .  In  fa  --t  -r. 
equation  of  the  bes-  line  is  (Table 

Ec.oa  -  o  y7  [ZElj  d.04  (V)  p  -  fj.39  (5) 

'within  the  ruthenium  series,  with  few  exceptions,  there  is  little  dif'er 
pr  -en-  la.  between  pairs  of  isomers.  Moreover,  the  good  corral  at i  v,  snows  -hr-t 
verali  net  charge  ■  nr.  ‘ho  comp  1  ex  plays  little  role,  at  least  ir.  ecef  nitr:  1 
•*>t=-rniiting  the  .-bserved  r*iox  potential. 

7b- re  d-ts  were  e---i looted  f rom  the  literature.  Erroneous  data  may  Iv-ve 
r«- parted  if  inadequate  care  had  beer,  taken  concerning  ‘‘he  purity  ( espe-s- :  a  1  gv 


ep . . pap 
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of  solvents,  the  electrochemi cal  veil  design,  the  quality  :.f  th*  refenc. 
and  the  fact  that  where  organic  sc  lv*r.ts  are  -oncemed  excessive  o-e.l  res: 
lead  to  appreciable  iR  drop  thereby  leading  tc  error,  as  in.::e-d.  at  the  : 
dune  tier,  potentials.  Moreover  data  are  reported  against  a  variety  -f  r-fe: 
electrodes  including  SHE,  ETE.  Sadr.',  ferri-'  enium/  ferrcc-n*  one  several  u 
-diver  based  tuples.  While,  in  this  collection,  data  are  orreoted  to  2  . 
e iectroce ,  NKH .  i t  ;?  evident  ti.at  the  experimental  values  are  sub  ^ect  '  : 
arid  the  sea"  he-  ;n  this  line  (and  those  presented  later  .•  F.g.l  nay  ref  1- 
experimental  iimitat ior.s  as  mu:h,  .:.r  mere,  t han  it  reflects  rreakd.owr.  .r,  1 
act: it  ivity. 


:  iTe.at.cn  witr.  nevious  ligand  Parameters 

The  Re  Ill  ■  r:u  II  .  daca  set  should  correlate  with  parameters  previn- 
rTr.duc^c:  by  Fi--kett  and  c. -workers  and  developed  particularly  by  ramie: : 
'ig  2  sl.L.ws  a  plot  of  the  previous  ligand  parameters,  ?l,  versus  El  -  the 
■err*' at  It;  is  clearly  linear  except  fer  carton  monoxide  to  which  we  retu: 
'he  re iat  ior.ship  between  these  parameters  is  given  by  '(Table  2  > :  - 


-  h .  ob 


?  =  b.Pb 


rhr  lb  i-.ga.nds. 

This  correlation  is  used  to  derive  values  of  El  where  the  ?l  value  is 
where  there  are  no  appropriate  ruthenium  cotpiexes  from  which  to  derive  El 
values  ar*  annotated  as  PPLC  in  Table  1. 

Ex  ten?  i  .-r.  '  Ruthenium  'data  in  Water. 

The  P-H  Ill  /Hu  1.  II)  potentials  of  many  ruthenium  complexes:  have  also  r. 
re  ■  treed  or.  water.  When  compared  with  "he  values  calculated  using  eqr. .  4.  , 
*  hose  which  would  be  observed  in  acetonitrile,  there  is  a  small  but  sign  if 
(:.  ;  ‘ent.al.  Ir.  rig!  is  shown  a  p  I ;  -  of  the  potential  o-a.culated  using  e 
4  ,  :  r  or.  some  oases  observed  directly  in  acetonitrile)  and  "he  observed 
ir.  wat-'-r. 

A  3* raoght  line  correlat inn  is  observed  for  the  large  set  f  n-t  ; -2 
•v.'p^  •  1  .  tf  i  ver.  oy :  - 

Ecav  Rusq  '  -  1.14  LEEl]  -  b.?0  I  V'  p  - 

The  correlation  line  characteristics  for  this  and  subsequent  p  .  : to;  ar 
"able  2;  both  regression  and  standard  error  data  are  ir.r.udeu.  The  si-T .  .f: 
the  values  of  slopes  and  intercepts  is  discussed  below.  Data  f:r  -  1  imi 
' 1+  ;  species  are  also  plotted  in  Fig.  1  and  appear,  perhaps  f *rtui* :us:y. 
the  same  line.  A  small  group  ..?  complexes  of  net  charge  sere  n  not  apt  ear 
this  line  vide  infra'.’.  In  general,  data  in  warer  may  re  rather  nr- 


trv  se  c ■:  liected  in  a  common  organ  ic  solvent  be.-a.ise  ;  t.ne  \ 
and  pH.  r .  r  •  m-  ligands,  ruthenium  redox  data  are  availari- 
-’ii'in. .e  .vent .  *  u  e  u  e  cases  El  va.ues  are  j.ai'.u  .ate:  i  r 

in. lud'd  in  Tabl*  1  'annotated  as  laq] . 

mpsris.u  with  df  her  E.eetrcchemical  Data  Sets 


1*.  in  necessary  t  .  demonstrate  that  these  El  L  paramet*  iv 
r  metal  ions  on  a  range  of  ox  id  at :  or.  r  - at“S.  and  are  *  :•* 
■i  s-iy  related  me" a]  1  t.s  .-tuch  as  sir. :  :m. 

Thus  we  plot  "Re  observed  patent  ia  1.?  f  r  any  Mo:.  Mr.  1 


van  a":  r.  ::  . 
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species  MXxYyZ*.  against  thc.se  caiuulatsc  using  eqn.  4).  t..  :.ttam  what  we  refer 
here  as  an  El  plot.  Least  squares  analysis  tc  fit  ■  a  leu  Is.  ted  ft  the  observed  sat  a 
yields  the  equation 


IS:.’ 


■+  c 


derive  f  and  C 
For  any  giver. 


specific  couple  M<n  VM(n-I)  in  the  spec: 


MV. 


m  n 


_  i  c 


■•■oup^c 


AL: 


complexes  of 


,ven  st eret cneir. ui 


spin  state,  shot: id  fail  on  the  same  oorrelat 


t  rv 


Using  the  Fe( III }/Fe( II )  coup 


tii  line,  i.e.  have  the  same  s 
,  by  way  of  example,  one  exp 


intercept  1 

all  species  where  the  Fe(III)  complex  is  six  coordinate  and  low  spin,  and  tr.e  ?>;•.  II 
complex  is  six  coordinate  and  low  spin,  will  fall  on  the  same  correlation  lire. 
However  species  where,  for  example,  both  the  iron  oxidation  states  form  hign  spin  si 
coordinate  complexes  will  generally  have  a  different  value  for  f  and  C.  than  for  the 
aforesaid  line.  Similarly  if  the  Fe(lII;  species  is  low  spin,  but  the  FeCII)  species 
is  high  spin,  yet  another  correlation  line  may  be  generated. 


Thus  for  each  oxidation  state  couple  M(n)/M(n-1),  a  series  of  correlations  may 
exist  if  there  is  variability  in  stereochemistry  and/or  spin  state.  This  follows 
because  the  observed  redox  potential  is  a  measure  of  the  relative  binding  constants 
for  the  ligands  with  M(r. )  and  with  M(n-l),  and  such  binding  constants  will  generally 
depend  up.cn  both  stereochemistry  and  spin  state. 


Consider  first  a  series  of  osmium  complexes  (0s( III }/0s( II ) 


surprising  that  an  El  plot  shows  an  excellent  correlation  (Fig  i 


couple),  wher- 
8): 

been  previous1 y  demonstrated  that  the  corresponding  potentials  for  analogous 
rutheniums'll)  and  osmium(II)  species  are  linearly  related.24  There  is  also  a  good 
correlation  for  aqueous  phase  osmium( III VosmiumC II )  data  (Fig. 3).  Table  1  includes 
few  ligands  derived  from  osmium  data  and  the  appropriate  correlation  line  (Table 
where  such  data  were  not  available  from  ruthenium  species.  They  are  annotated  [is.. 

The  El  plot  for  the  Cr(III)/Cr(  II }  data  set  (low  spin  Cr(II  >)  shown  in  Fig. 4 
illustrates  a  comparison  of  the  observed  CrC III )/Cr(II >  couples  for  a  variety  of 
chromium  complexes,  in  organic  solvents,  with  a  notation  indicating  their  net  charge 
of  *he  lower  oxidation  state  species  here  and  henceforth).  The  reasonable  linearity 
if  ‘‘his  plot  shows  that  these  chromium  data  are  fairly  well  behaved  vis-a-vis  ligand 
Additivity.  Note  that  the  (+2),  <’0)  and  t  -2}  species  all  lie  on  the  same  line  and 
thus  the  relative  unimportance  of  net  charge  is  demonstrated.  Fig. 4  also  shows 
corresponding  organic  solvent  data  for  hign  spin  chrominm(II)  species,  (charge:  -1. 
i-l,  -*-2);  with  the  slope  and  intercept  differing  from  those  of  the  low  spin  species. 

In  water  solvent  (Fig. 5),  an  excellent  line  is  observed  for  all  the  low  spin 
'•hr omium'  II  )  net  charge  (2+)  species;  the  [Cr(CN)s]4-  species  also  lies  on  this  1  ir e 
though  this  is  rather  unexpected  and  may  be  fortuitous  (see  further  comment  be lew  . 
.Far  data  are  observed  with  iron.  Fig  6  shows  how  the  Fe< III )/Fe( ”1  > 
as  measured  in  an  organic  solvent,  of  a  series  of  six  coordinate  iron  11 
i lew  spin  FeCII )  and  Fe(IiI)  (  depends  upon  their  El  sum.  There  is 
'relation  independent  of  charge .  Thus  for  the  L2  >Fe(  I II  V  ,  LF  '  F~  .  1 
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the  least  squares  equation  is: 
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generally  excluding  situations  as  defined  in  the  Introduction .  Six  coordinate  Mg:, 
spin  complexes  (Fe(III  )/Fe(II )  couple,  both  high  spin;  in  organic  solvents,  exr.i:  . 
potentials  which  fall  on  a  different  line  ( Fig . 6 ) . r3 ■ 30  Thus  these  twr  lines  .'a:. 
2  >  .should  provide  the  means  of  predicting  the  Fe( III )/Fe(  II  potentials  for  me s'  : 
ccordina'e  iron  complexes,  in  organic  solvents. 

In  water  •,  F  ig .  5  '•  some  (low  spin  Fe( II ) ,Fe( III  ) )  charged  species  have  pc/  er.t;  a 
whi-'h  fail  *.n  a  .  ir.e  which  is  apparently  defined  by  a  group  of  *2:  r.er  charge 


species  'tnc 

t he  range 

of  [Fe<  CN  'fi(  R-F'y  ' 

species  (vide  infra) 

.  Species  -f  an 

•barge  fall 

somewhat 

off  this  line  but,  as 

in  the  chromium  plot 

'  F i g . 1  ) .  t  he 

1  re  CN 

opt'C  2  i:JS  rx 
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In  Figs, 7-10  are  shown  data  sets  for  a  variety  of  other  couples  ranging  from 
classical  s-x  coordinate  coordination  complexes  of  iron,  chromium ,  ruthenium, 
rhenium,  osmium,  niobium  and  tantalum,  to  crganometallic  derivatives  containing 
carbonyls,  dinitrogen,  phosphines,  etc.  Some  five  coordinate  species  are  also 
included.  Tr.eie  is  no  doubt  that  these  plots  are  generally  linear  ar.d  that  ligand 
additivity  is  amply  demonstrated  over  a  very  wide  range  of  complexes. 

Torrec'  icr:  for  Isomers: - 

Within  the  ruthenium  data  set,  cis/trans,  mer/fac  isomers  etc  usually  have 
essentially  the  same  potential  and  indeed,  for  many  such  pairs  of  coordination 
complex  isomers  for  •other  redox  couples,  there  is  little  difference  in  potential . 
though  there  are  certainly  a  few  exceptions. 

Th : is  no*  generally  true  for  crganometallic  species  where  such  differences 
ht  0.1  0 . jV .  We  follow  here  the  method  of  Treiehel  and  Burster.2 • 8  who  develop*3.-: 

:  rrect:  ;tj  f.  -v  the  HOMo  energy  of  a  carbonyl  complex  in  terms  of  th*  number  ;>f 
arnor.y;  t*  orbitals  which  interact  with  the  HOMO.  Thus  for  a  d6  M(<X))e  species, 
t href  ta«  irbitaln  degenerate  HOMO;  interact  with  4  CO  re*  arbitals.  For  a 
trnns-ML-i  00  2  species,  the  tag  splits  to  place  xy  (HOMO)  above  xz.yz  assuming  tha 
•y  is  r- w  st ah i Used  by  0  00  re*  and  xz . yz  is  stabilised  by  2  M  re*  interactions .  : 
'  he  are  -;.f  c  is-MLM,  CO  )2  xz.yz  (1  x*  interaction)  lies  above  xy  ( 2  re*  interact  i*;  ns 
For  th-  moment,  we  ignore  the  possible  stabilisation  of  the  d  orbitals  by 
non -carbonyl  ligands.  Since  such  stabilisation  of  the  HOMO  is  proportional  to  'he 
number  of  CO  groups  bonded  thereto  and  the  relevant  potential  is  proportional  ' :  ' 
HOMO  energy  3>a,  one  may  introduce  a  variable  x  such  that  for  the  carbonyl  species 
under  discussion,  eqn. (8)  is  replaced  by: - 

Eubs  =  f [2Eu]  +  C  e  mx  (1C) 

wh-r*  it.  4.0  and  1  respectively  for  the  hexacarbonyl .  trans  and  --in  di carbonyl  .  w 
similar  .-rre'-r  ions  for  other  isomeric  species  (shown  in  Table  3). 

1  itr:  ]•-  -ompiexes  frequently  have  higher  potentials  than  these  dir**,  t  ly 
■ r  ’  v—' J  trim  *qr. .  .  8 ; .  This  suggests  that  isonitrile  ligands  also  strongly  x.f.u-i: 
f.‘>-  •*  r  nding  d  :*rb  itals.  They  may  also  be  included  in  eqn,  (10'  by  adding  tner--* 
••nergy  van  at  .e  y  modified  by  the  number  of  isonitrile  ligands,  m‘  whies.  intern*  •*. 

! .  r-  •*. . y  w ;  *  h  'he  H0M( 1  r  rh  i t a  i  eqn  . .  11  • :  - 

h .  r  ,  -  1HM  ♦  nix  '  my  i  11) 
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Values  for  m  and  m',  for  mixed  carbonyl -isonit  ri  le  species  ar*-  shown  in  To:  !• 

First,  Fig. 7  (upper)  shows  data  for  the  Mn<  I  [  :  •/Mnt  I )  couple  in  a  series  :f 
carbonyl  derivatives  following  eqn.'d  and  hence  uncorrected  for  the  specific  i.sme: 
or  tor  enhanced  iscnitriie  bonding.  Two  linear  correlations  are  evident ,  "he 
isonitriles  being  badly  scattered  but  the  carbonyl  being  reasonably  linear.  A  va  1  .e 
for  y,  in  eqn . •  111  was  derived  from  ( Hn- CNR  )s  •  * :  . iCr  each  R,  y( R  • ) 

y(H)  _  1/4  Lobs,  potential  -  calc,  potential  using  eqn.'lhj  (m-G.  m  ~A )  ] . 

(  12) 

Yimiiariy,  using  the  value  of  y(Me).  an  initial  value  of  x  <  eqn.  .<  11 ;  >  was  der  ivec  ny 
fitting  the  observed  potential  for  [Mn(C0)s(dNR ;  j*  (nri=3,m'  =  l  >.  These  ‘■wo  va 
then  used  in  eqn  .(ID  to  ’  e-ca.  leu  late  all  the  manganese  data  according  to  Table 
The  fit.  was  improved  by  allowing  y  to  vary  to  a  best  fit  (least  squares  >  ever  ail 
manganese  complexes  with  given  CNR,  resulting  in  a  final  vaiue  of  y(R)  slightly 
different,  from  that  calculated  via  eqn.  (12).  Energy  variable  x  was  also  varied  to  a 
best  fit  over  all  the  carbonyl  complexes.  The  result  is  also  shown  in  Fig. 7  (lower: 
where  the  improvement  is  dramatic.  Importantly,  the  final  line  upon  which  all  the 
complexes  lie  is  essentially  that  of  the  carbonyl  complexes  in  the  uncorrected 
version  snown  in  Fig. 7,  within  experimental  error.  Such  corrections  (eqn. (11))  add 
some  complexity  to  the  analysis.  They  can  be  ignored  with  the  higher  oxidation  state 
species,  ignoring  them  with  carbonyl,  non-isonitrile  data  leads  to  some  scatter  but 
relatively  accurate  data  can  be  obtained  nevertheless.  It  would  be  prudent  to  include 
these  corrections  where  isonitriles  are  concerned  (vide  infra).  Values  of  x  and  y  are 
shown  in  Table  3.  Corrections  have  not  been  made  for  other  ligands. 

It  is  noteworthy  that  there  is  a  reasonable  linear  correlation  for  these 
carbonyl  derivatives  arid  for  the  chromium  and  molybdenum  species  shown  in  Fig.i.  Tie 
scatter  is  somewhat  larger  than  observed  in  the  non -carbonyl  chromium,  iron  and 
osmium  data  sets  in  part  because  of  the  lack  of  correction  for  specific 
(non -carbonyl )  ligand  interactions  with  the  n-d  electrons  but  probably  mostly  as  a 
resu!*-  of  the  synergistic  interactions  which  take  place  within  *'hese  species. 

Incomplete  Lata  Sets 


When  E:.  values  for  all  ligands  in  a  complex  are  known,  its  calculated  potent  la- 
may  be  derived  from  the  regression  line  where  available  (eqns,  (4,8)).  However .  the 
method  may  also  be  used  for  generic  series  of  complexes  when  the  El  value  for  a 
specific  Ligand  is  not  available.  Consider,  for  example,  a  set  of  complexes  ML-iXY, 

+■  r  whirh  El(L)  is  unavailable  but  Eix'X)  and  El(Y)  are  known.  We  require:  - 

Hot,  a  =  f L’4  *  El(L)  +  El(X)  +  El(Y)]  a  C  ,18) 

An  experimental  slope  and  intercept  may  be  derive,!  from:- 

Hoha  -  f  THl(X)  +  El(Y)J  +  C  14) 

H'-  waver  Mo.'  may  oe  rewritten:  - 

Ecus  -  f'Es’K'  +  Hl>  Y)  j  +  4fEr,(L)  +■  C  (18) 

f  -  f '  and  C  ‘  -  T  +  4fEi,'.  L)  ■  l-; ) 

I  he  K>-y  tS'-rv.a1  ion  is  that  for  a  generic  series  of  complexes  with 
in  'his  a  Ml, 4  ,  I  he  slope  ■  t  the  cc  rr-  .a*  i  n  will  b«-  the  same  as: 
l.a  i  v.t.~  El  !.. .  t  een  Known .  Thus  the  slope  is  defined  but  the  inter 


10/17/89 


ep 1 • pap 


- y-- 


indeterminate .  For  a  specific  groat'  of  complexes  of  M,  jf  given  structure,  a 
correlation  line  may  already  have  been  derived.  If  the  generic  set  of  complexes 
belong  to  the  same  structural  type  and  if  the  slope  is  the  same  as  that  previously 
deduced,  then  one  might  conclude  that  these  complexes  must  lie  on  tne  same  iir.e  - 
hence  C  is  known  and  El(L)  may  be  derived . 

c'onsider,  for  example,  the  series  of  complexes  Fo(  DMG  -BFa  ;XY,  ( FeDHO-BFa  - 
bist(dif  luoroboryi  'dimethy igiyoximato ]iron  ,i31  where  a  direct  value  for  Eis  PMG-BFs/ 
is  unavailable.  A  plot  of  eqn . ( 14 )  yields  a  straight  line  of  slope  1.08.  These 
complexes  ; probably)  belong  to  the  same  stereochemistry  ar.d  spin  state  gr  up  as 
[Fe(bpy  a]'2'  and  indeed  display  essentially  the  same  slope.  They  are  shewn  p  lotted 
in  Fig. 6  using  a  value  of  C  which  gives  the  best  fit  to  this  line.  From  this  vai 
of  C.  one  may  derive  Ela DMG-BFa )  =  0.22V. 

While  it  is  obvious  that  the  El(.u)  value  for  an  unknown  ligand  could  be  d-ri vec 
by  fitting  its  electrochemimal  datum  to  a  correlation  line,  one  may,  in  general .  rot 
know  which  correlation  line  to  use,  leading  to  ambiguity  in  the  El(L)  value.  The  key 
proposition  here  is  that  one  may  study  a  group  of  related  complexes  all  containing 
the  same  unknown  core  1 igand ,  and  use  the  resulting  slope  to  infer  the  correct 
•••orrelation  line  and  hence  spin  state  and  stereochemistry . 

Significance  of  Slope  and  Intercept. 

Slope:-  The  potential  of  a  given  redox  couple  reflects  the  relative  binding 
strength  of  the  two  oxidation  states  to  the  ligand  concerned,  the  more  positive  the 
potential,  the  more  strongly  binding  being  the  lower  oxidation  state.  This  is  clearly 
seen  in  the  free  energy  correlation  shown  in  the  following  simplified  scheme 

Ki  Mf  III  }X  +  I,  <======•  M(  III  )L  +  X 

E°( X )  e-  e~  E°( L ) 

Ks  M( II >X  +  L  <===r==>  M( II )L  +X 

where : - 


E°( L )  -  E°( X )  =  ( RT/nF ) In ( Ks/K i ) 


A  slope  of  unity  for  correlation  of  a  specific  M(n)/M(n-1>  couple  with  lZEl] 
indicates  that  the  binding  of  M(n)  to  a  set  of  ligands,  relative  to  M(n-l)  is  the 
same  as  for  the  Ru( III )/Ru( II )  couple.  A  slope  exceeding  unity  shows  a  greater 
sensitivity  of  the  metal  core  towards  the  ligand,  i.e.  a  greater  degree  of 
polarisation  by  the  ligand  or,  in  other  words,  stabilisation  of  the  lower  oxidation 
state  is  increasingly  favoured  with  increasing  El,  relative  to  Rut  II;. 

It  is  surprising  how  many  slopes  are  close  to  unity  though  this  may  possibly  be 
fortuitous  given  the  relatively  small  number  of  data  sets  which  have  been  processed 
to  date,  and  the  fact  that  all  but  one  involve  the  tzg  (in  Oh)  orbitals,  it  is  also 
surprising  that  both  ix-acids  and  rc-donors  tend  to  fall  on  the  same  line,  for  giver: 
structural  type,  even  though  one  expects  them  to  bind  in  differing  relative  degrees 
tv.  the  lower  and  higher  oxidation  states. 


There  are  few  data  sets  yet  available  for  different  oxidation  states  jf  th¬ 
ine*  ol  ion.  Nevertheless  one  can  expect  that  the  slope  will  vary  with  the  couple 
involve'!  if  only  because  of  the  changing  degree  of  o  and  a -bonding  which  will 


f  r 

sfab 
*■  har. 


xample  a  low  spin  d5/d6  couple  where  the  lower  oxidation  state  species  is 
i  I  send  by  t- acids  through  back  donation  should  yield  a  different  slope  *  gr-  a* 
“he  corresponding  d4/d5  where  the  extent  of  a-back  donation  in  the  d5  icr.  w. 
grea*  iy  reduced  relative  to  that  in  the  de  ion.  In  the  case  of  niobium  where 
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n-bonding  is  not  likely  significant,  both  the  Nb(  V  )/Nb(  IV)  and  Nb(IV}/Nb(  III  ;  ecu 
have  the  same  slope.  However  many  more  data  are  clear iy  necessary  before  this  con 
usefully  be  discussed. 

Intercept:-  The  value  of  the  intercept  C  is  determined  by  a  number  cf 
contributions.  Thus  the  potential  might  be  written 


Eobs  =  a  +  nb  +  c  +  TL/El]  (17) 

where  a  (always  positive)  is  defined  as  the  M(n)/M(n-1)  ionisation  energy  in  the  gas 
phase.  The  variable  b  (always  negative)  may  then  be  defined  in  a  fashion  ider.t i  . a ' 
to  the  spherical  electrostatic  term  in  ligand  field  theory  raising  ail  the  energy 
levels  by  the  same  oegree  determined  by  n,  the  number  of  ligands  and  arising  from  th 
electrostatic  repulsion  between  ligand  lone  pair  and  metal  d  electrons.  Variable  c 
(either  sign)  then  depends  upon  the  reference  electrode  and  upon  the  difference  in 
solvation  energies  of  M(n)  and  M(n-l);  thus  C  =  a+nb+c. 

The  sum  a-rntn-c  is  defined  as  zero  for  a  oasis  set  of  ruthenium  complexes  in 
acetonitrile,  versus  NHE.  Since  essentially  all  six  coordinate  Ru(III  )/(II )  couples, 
in  acetonitrile,  fail  on  the  same  line  and  given  that  charge  appears  not  to  be  an 
important  factor  (c  is  constant)  we  might  conclude  that  b  is  a  constant  for  that  set 
of  complexes  and  therefore,  for  a  given  oxidation  state,  does  not  signif icantly 
depend  upon  the  nature  of  the  ligand.  The  discrimination  of  the  ligand  is  then  all 
contained  within  [EElJ  and  provides  the  linearity  which  would  not  otherwise  be 
observed,  i.e.  if  b  did  vary  significantly  with  ligand,  a  linear  plot  would  not  be 
observed  (unless  the  variation  itself  is  a  linear  function  of  some  property  of  the 
ligand).  The  value  of  b  will  vary  with  different  metals  and  vary  with  different 
oxidation  states  of  the  same  metal.  The  variation  in  a,  with  oxidation  couple,  make 
a  major  contribution  to  the  magnitude  of  the  intercept,  especially  to  the  larger 
negative  values  derived  for  lew  oxidation  state  couples. 

Further  Comments  on  Charge  Effects  and  Solvation _ 

Charge  effects  will  reveal  themselves  in  comparisons  of  aqueous  with  organic 
solvent  data.  While  the  Ru( III )/Ru( II )  couple  for  net  charge  (2+)  species  in  water 
has  roughly  the  same  slope  (1.14)  as  that  (defined  as  unity)  in  organic  solvent, 
that  of  the  0s( L II )/0s( II )  couple  in  water  is  1.61  for  the  net  charge  (2+)  species. 
Unfortunately  there  are  insufficient  data  to  define  the  slopes  for  other  net  charge- 
spec  ies .  However  the  marked  variation  in  the  osmium  slope  for  organic  to  aqueous 
solvent  does  reveal  that  the  redox  dependence  on  solvent  is  not  confined  to  the 
intercept;  the  slope  is  also  influenced  by  the  solvent.  It  is  true  that  both  the 
ruthenium  and  osmium  water  data  sets  presented  here  are  dominated  by  polyammine 
species  (see  Appendix)  which  may  interact  with  water  in  a  different  fashion  from 
species  such  as  [M(terpy)3]2-" .  Nevertheless  the  ammine  and  non-ammine  complexes 
appear  to  lie  on  essentially  the  same  line;  if  the  ammine  complexes  of  ruthenium  :r 
osmium  are  considered  alone  the  slope  increases  only  slightly  (1.23  fur  ruthenium. 

1 ,78  for  smium).  This  may  not  be  significant  given  the  scatter  in  the  water  data. 

That  th*  slope  in  water  is  higher,  is  an  intriguing  new  observation  likely  i;:-- 
to  several  factors  including  a  modification  cf  the  M-L  bond  by  outer  sphere 
solute  solvent  interactions  and  by  entropy  changes  due  to  modifications  in  s-lv-rs 
■water,  structure  by  the  charged  species.27-28 

It  is  surely  significant  that,  in  Fig. 5,  the  [Fe( II )Le]2+  type  species  li*  u 
the  ram-  i  j;m  as  the  [Fe.JN  >sl.  i3'  species.  Both  the  selva*-  lor.  enthalpy  •  run. 
equal  ior.  1  ar.d  s-.-lvafi.jn  end  ropy  are  functions  of  charge  squared . 27  .ge  having 
the  same  d  iffe rente  in  solvation  free  energy  f.,r  th*  M(n)  and  M b n - 1  ■  redox  lev*!  ■. 
w'uid  make  ‘  ne  same  can*  ribut  ion  to  c  and  lie  on  the  same  line;  this  is  seen  '  : 
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the  case  here  since  (3+)2  -  (2+  >2  -  (3- >2  -  2-;~. 

Other  Coordination  Numbers: - 

'One  can  anticipate  that  a  set  of  six  coordinate  species.  which  for  examp ;e.  : 
a  ligand  upon  reduction  to  form  five  oourdiiiate  species,  will  generate  a  separate 
correlation  line  from  those  where  ligand  loss  dr,es  not  occur.  Following  eqn . ;  c  ;• .  ‘  r- 
Ru(III  VRudI )  potential  for  a  q  coordinate  RuLq  species,  in  acetonitrile,  might  he 
written : - 

Eoba(RuLq)  -  a  +  qb  C  +  qEL  ,1b) 

If  we  suppose  that  the  numerical  magnitudes  of  a,b,c  are 
for  the  six  coordinate  species  (a  will  be  identical)  and 
coordinate  ruthenium  species  ( Ru(  I II  J  -'RuC  II ) )  a  +■  6b  *■  c 

SobsvRuLq)  -  qEp  -  (6-q)b  1 19  > 

Thus  the  El  values  derived  from  six  coordinate  species  cannot  be  directly  used,  with  j 

eqn.(8),  for  other  coordination  numbers  since  they  have  effectively  been  modified  by  ! 
a  contribution  from  the  spherical  term.  However  since  b  is  assumed  roughly  constant 
for  all  ligands  for  a  given  redox  process,  we  can  expect  other  coordination  numbers  ! 
still  to  yield  straight  Line  correlations  with  2El  following  equn .  (8).  The  intercept 
will  contain  the  term  -(6-q)b  (which  is  positive)  and  the  potential  will  be  more 
positive  than  for  the  corresponding  ML.6  species.  In  principle  this  provides  a  useful 
method  to  evaluate  b;  straight  line  correlations  are  indeed  observed  with  the 
M( III  )/M( II >  couple  in  Fe(TPP)X,  Fe(0EF)X  and  Mn(TPP)X  (Table  2)  Fig. 10).  , 

The  Electrochemical  Series  of  Ligands. 

The  existence  of  this  additivity  provides  a  ligand  sequence  which  is  directly 
analogous  to  the  spectrochemical  series  of  Dq  in  that  ail  ligands  behave  relatively 
the  same  way  towards  all  metal  ions.  This  sequence  may  be  abbreviated  into  ranges 
which  however  certainly  overlap  and  should  be  regarded  only  as  a  guide  to  estimate 
the  El  values  of  ligands  which  do  not  appear  in  Table  1. 

El  .  63 - >  0  ( V ) 

OH-,  most.  Xn-  ions,  including  S  anions,  strong  rt-bases. 

El  0 - >  0.1  (V) 

Saturated  amines  falling  into  a  fairly  narrow  range,  weakly  rr-acid  unsaturated 
amines . 

El  0.1 - >  0.40  (V) 

Unsaturated  amines  of  stronger  rx-acid  character,  pyridines,  bipyridines  etc. 

El  0.30  - >  0.40  (V) 

Hard  thioethers,  nitriles,  softer  phosphines. 

El  0.35  - -  0.50  (V) 

Isonitriles,  harder  phosphines,  arsine,  stibinos,  softer  phosphites. 

El  0.50 - ••  f,  .65  (V) 

hard*- r  phosphites . 


approximately  the  same  as 
recall  that  for  a  six 
=  0,  then  it  fellows  that : - 
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Ei.  0.65 - >  0.75  (V) 

Dinitrcgen,  nitrites. 

El  0.70 - >  0.95  (V) 

Positively  charged  ligands,  r.-acid  olefins. 

V  t  x  Q  W  ‘ 

CO  (0.39  most  positive  member) 


The  relative  El  vair.es  reflect  availabilty  of  charge  for  donation 
and  have  little  connection  with  the  spectroscopic  Dq  values  where 


to  the  metal  ; 
for  example, 


cyanide  and  carbon  monoxide  are  close  together 
the  Bu  1 1  r  ;/Ru ill  :■  tstfVta*6  couple,  it  is  not 
sequence  largely  determined  by  their  rt-bond ing 


in  Dq  value.  Indeed  being  derive-; 
surprising  that  they  fall  in  a 
or  -anti -bond ing  behaviour . 


r-  r. 


i.ess  Well -Behaved  Systems  -  CNR,  NO,  Water,  DMSO,  Hydride  and  Maerocyoiic  Complexes. 

The  considerable  extent  to  which  ligand  additivity  provides  a  viable  means  to 
estimate  redox  potentials  would  seem  to  "throw  away"  a  lot  of  chemistry  and  reduce 
redox  behaviour  to  the  summation  of  a  series  of  non-interacting  M-L  fragments. 

Indeed  for  a  wide  range  of  ligands  and  metal  redox  couples  this  appears  to  be  roughly 
true  despite  variation  of  rr-acid  or  it -basic  character  in  both  metal  and  ligand.  This 
is  an  unexpected  result  which  does  not  appear  to  have  been  previously  recognised. 
Solvation  phenomena  also  appear  only  to  play  a  small  role  in  determining  redox 
energies  provided  that  specific  solvent-solute  interactions  are  absent.  Those 
complexes  which  do  not  fit  their  apparent  correlation  line  should  be  considered  in 
some  depth.  If  one  oar.  exclude  trivial  explanations  such  as  important  coupled 
preceding  or  following  chemical  reactions,  then  the  failure  may  arise  for  cogent 
chemical  bonding  reasons. 

Carbonyl  species  generally  fit  rather  well  even  where  the  specific  isomer 
corrections  are  ignored.  Inclusions  of  these  isomer  corrections  show  stabilisations 
of  the  order  of  0.1  -  0.15  eV  per  CO-d  orbital  interaction.  However  it  is  Likely 
that  the  Ei.(CO)  value  itself  actually  contains  within  it  some  stabilisation  effect 
and  should,  in  fact,  be  a  little  smaller  if  used  with  a  metal  ion  in  which  there  is 
no  n  back-bonding  if  such  is  possible.  Thus  the  value  may  be  a  little  inflated 
explaining  why  it  falls  off  the  PPLC  correlation  (Fig. 2). 

Isonitriies  are  a  very  special  case  which  deserve  more  comment.  Considering 
CNMe ,  an  EsiCNMe)  value  of  0.55V  is  derived  from  [Ru(bpy>2(CNMe )2]2*  32 .  However 
isonitrile  El  values  derived  from  correlation  with  the  Pickett/Pleteher  ligand 
parameters  yield  values  around  0.4  (Appendix).  A  similar  but  smaller,  distinction  is 
seen  with  the  carbonyl  ligand.  The  best  fit  for  the  manganese  isonitrile  data  shown 
in  Fig. 7,  was  obtained  by  assuming  a  value  of  ca.  0.37V  for  each  CNMe  plus  a 
correction  of  0.19V  for  each  CNMe  bound  to  the  HOMO  orbital  (isomer  correction;.  The 
ligand  CNPh  required  a  larger  correction,  0.31V  (Table  3).  Other  metal  isonitrile 
species  were  fitted  in  a  similar  manner.  It  is  particularly  relevant  that  the 
trivaler.t  and  non-backdonating  d3  [CrfCNRie]3^  species  could  be  fitted  with  the  iywor 
El  (CNR ;  values  <"oa  0.37)  without  a  correction  for  the  number  of  jr-bonding  isonitrile 
groups,  while  the  low  spin  d6  [Fe(CNMe>8]2"'  33  and  related  species  did 
require  such  correction  (ca  0.10  (V)/rr -bond ing  CNMe  (Tabie  3)),  as  did 
1  Put CNMe  >b}2+  which  shows  no  Bui  III  >/Ru(  i  I  >  redox  process  below  3.2  V  «.  vs 
NHE : 33  ( and  therefore  requires  a  large  correction).  The  validity  of  this 
appru-i-'n  is  inferred  from  the  excellent  regression  fits  obtained  from  a 
large  t  ody  of  data. 

The  variation  in  El(CNP)  may  be  related  to  the  fact  that  the  isonihri  le  gr  up 
may  be  linear  or  bent.34-36  The  linear  isonitri le  parallels  larbonyl  in  2s  t  in  ling 
The  bent  isonitri  i*  will  occur  in  situations  where  there  is  extensive  tack  dor-- •.  c  n. 
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The  latter  case  may  be  exemplified  by  mixing  of  both  M(0,'(CNR)  and  M( I  :■  CNR(  1- ) ' ,  as 
might  be  inferred  from  the  PES  data  for  [Ku(bpy)2<CNF )2j2*  species  in  the  Ru(IIl.- 
region.37  Note  that  valence  bond  contributions  of  the  CNR(l-)  canonical  form  will 
shift  positively  all  metal  d  orbitals,  net  .just  the  HOMO.  Indeed  Pombeiro,  Pickett 
and  Richards14  had  previously  noted  the  variation  in  the  PF'LC  parameter  for 
isonitriies  in  various  complexes  and  suggested  that  bent  isonitriles  should  have  a  rn 
value  (eqn.2)  approximately  0.3  volts  larger  than  a  linear  isonitrile.  X-ray 
structural  data  show  significant  variations  in  bond  angles  for  coordinated  isonit. die 
groups;  thus  the  actual  correction  may  vary  from  one  set  of  complexes  to  another. 

It  does  not  seem  necessary  to  use  this  rather  more  complex  fitting  procedure  for 
any  otner  ligand  yet  studied. 

A  value  for  the  macrocycle  TPP  can  be  derived  from  ruthenium  data  (Table  1: 

This  corresponds  to  o-  six  coordinate  metal- in- the-p lane  species.  Using  this  number 
the  six  coordinate  LaFe; Xi )(TPP)  species  lie  close  to  their  correlation  line  for 
( LS.)Fe<  III  )/(LS)Fe( "I  )  (Fig. 8)  (they  apparently  have  the  same  slope)  and  a  slight 
adjustment  for  El (TPP)  due  tr,  the  relative  sizes  of  Ru(II)  and  Fe(II)  and  the  fixed 
macroeycle  hole  size,  would  place  them  on  the  line.  However  the  corresponding 
LsCr( II  )(TPP)  species  (spin  state  of  L2Cr(lI }TPP  is  unknown)  lie  off  both  the  low 
spin  and  high  spin  octahedral  Cr(II)  correlation  lines  (Fig. 4)  perhaps  for  reasons  of 
hole  size,  or  possibly  because  the  correct  correlation  line  has  not  been  identified. 
The  sJope  for  the  L2Cr(TPP)  data  is  relatively  low  (Table  2)  indicating  that  the 
Cr(IIl)-L  bond  Joes  not  significantly  favour  Cr(III)  over  Cr(II)  in  the  TPP 
environment . 

The  nitrosyl  ligand  offers  especial  interest  since  the  contribution  depends 
upon  the  amount  of  charge  transferred  thereto  and  hence  upon  the  metal  core;  it  will 
be  discussed  elsewhere.30  Water,  as  a  ligand,  yields  a  somewhat  variable  El  value 
near  0  in  the  range  -0.0b  --  +0.1.  The  contribution  of  water  likely  depends  upon  hew 
Jry  an  organic  solvent  is  and  whether  there  are  any  hydrogen  bonding  species  around. 
In  water  the  Fl(H2Q)  value  will  depend  critically  upon  pH.  In  coordinating  organic- 
solvents  the  water  molecule  may  be  partially  or  wholly  solvolysed,  adding  a 
complicating  factor.  DMS0  is  poorly  behaved  yielding  a  variety  of  El  values  spanning 
ca  0.4  -  0.55.  This  may  be  a  consequence  of  variable  S  or  0  coordinate  binding.  The 
hydride  ion  usually  gives  rise  to  irreversible  redox  processes  but  its  El  value  may 
he  estimated  to  lie  near  -0.5;  the  PPLC  value  of  -0.3V  is  likely  somewhat 
low . 

Summary:  The  availability  of  El  parameters  allows  one  to:- 

a)  predict  the  redox  potential  of  a  given  metal  couple  when  its  structural  and  spin 
state  information  are  available.  For  example,  in  a  complex  voltammogram  this  will  ait: 
in  redox  couple  assignment; 

b)  predict  the  structure  and  spin  state  for  a  metal  complex  based  upon  fitting  its 
observed  redox  potential  to  a  previous  correlation; 

c)  allow  one  to  calculate  the  thermodynamic  value  for  a  redox  couple  when  kinetic- 
effects  or  coupled  chemical  reactions,  etc,  prevent  it  from  being  experimentally 
derived ; 

d)  design  a  metal  complex  to  have  a  specific  redox  potential.  With  further 
development,  correlations  with  other  properties  such  as  infrared  stretching 
frequencies,  photoelectron  binding  energies,  certain  rate  constants ,8.30.40-42  charge 
transfer  transition  energies19-24 ■ 43 • 44  etc  can  be  included.  Thus  molecules  having  a 
range  f  characteristics  can  be  designed  using  a  procedure  based  upon  El  values: 

e‘  provide  bonding  (synergism,  non-innocence  etc)  or  structural  information  where  - 
predicted  value  disagrees  significantly  with  the  experimental  value; 
f  provide  a  means  of  designing  metal  complexes  with  specific  excited  state  rod-  x 
poten*  iaix,  through  analysis  involving  ground  state  electrochemical  predicted 
energies  arid  excited  state  transition  energies; 


10/17/89 


ep 1 . pap 


—  14- 


g)  provide  a  means  of  evaluating  solvation  energies,  especially  aquation  energies; 

h)  through  detailed  understanding  of  the  slopes  and  intercepts,  provide  additions ! 
insight  in  to  the  nature  of  the  metal  ligand  bond. 

To  learn  exactly  how  general  is  this  approach  requires  considerable  further  data 
evaluation  especially  with  data  sets  involving  a*  redox  orbitals.  Readers  with 
extensive  electrochemical  data  sets  are  invited  to  advise  the  author  for  inclusion  in 
future  El  studies. 
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Table  1  El  Parameter  Values,  vs  NHE 


Ligands* 


1 . 10- Phenanthroline( 1,10)  {16} 

1 . 1 0 -  P hen an t hr o  1  in e ,  2 , 9-Dimethy  ( 2 ,  9-diMenphen  ) 

1,  Id-t'henanthro i  ir.e ,  4,7-dimethyl  < 4 , 7 -d iHesphen  ) 

1. 10- Phenan thro line-5, 6-dione  cphendione) 

1 ,  1 , 1 , 5 , 5 . 5 -nexaf  luoro-2 , 4-pen  tanedionato  Chfac)  (  1- 
1 , 1 , 1 , -trif luoro-2, 4-pentanedionat.o  (tfac>  (1-) 

1. 1- b is( Dipheny larsino Imethane  (PDA) 

1 . 1- bis(  Dipheny iphosphino  .'methane  ( dppm ) 

1 . 2- bis;Dimethy Iphosphino )ethane 

1 . 2- bis( Dimethy Iphosphino )benaene  ( Diphos) 

1. 2- bis(Dimethy larsino  , 'benzene 

1.2  bio(Piphenylarsino )benzene  (diars) 

1 . 2- bis(Diphenylphosphino)benzene  (ophenPPhs) 

1 . 2- bis(Dipheny larsino )ethane  (Ph2AsCCAsPh2 ) 

1 . 2- bis( Dipheny Iphosphino )acetylene  (ADP ) 

1 .2- bis( Dipheny Iphosphino )ethane  (Ph2PCCPPh2)  (dppe) 

1 . 2- bis(Dipr.enylphosphino )ethene-eis  )Ph2PC-CPPh2> 

1.2- bis: Diphenylphosphino)propane  (PDP) 

1 .2- bis(Ethylthio)ethane 

1 . 2- bis(  Methylthio )ethane 

1 .2- bis(Phenylthio  jethane 

1 .2- Diamino-2-methyl -propane 

l-(2-Fyridyi  )-3 , 5-dimethylpyrazole  (Pydipy ) 

1,2,4, -Triazole , ( 2 , 3 , 5-tri-2 ' -pyridyl ) 

1 . 3- Diphenyl -1 , 3-propanedionato  (1-)  (dbroo) 

1,4,5, 8-Tetrazaphenanthrene 

1-Phenyi-l ,3-butanedionato  (1-)  (bzac) 

1 - Phenyl -4 ,4,4,  -  Ir  if  luoro-2 ,4-pentanedionato  (bztf  o) 

1 . 2- bis(4-pyridyi lethane  (BPA ) 

2 , 2 ' -3ipyridine  {94} 

2,2,6.6,-tetramethyl-3,5-heptanedionato  (dpmo)  (1-) 

2.2  -Bipyrazine  {6}  (bpz) 

2 , 2 ' -BipyrazineH  (1+) 

2.2- Bipyridine,  4,4-dibromo  (4,4-Br2bpy) 

2, 2 -Bipyridine,  4,4-dimethyl  (4,4-Me2bpy> 

2, 2 -Bipyridine,  4,4-diphenyl 

2,2-Bipyridine,  4-methyl  ,4-vinyl 

2 , 2-Bipyridine,  4-nitro 

2,2-Bipyridine,  5,5-dimethyl  (5,5-Me2bpy) 

2- ( 2-pyridyl)quinoline  (PQ) 

2 .4- peritanediGnato  (1-)  (acac) 

2 - methy It hioqu incline 
0,3'  biisoqu incline  <.biq) 

3 . 4- bis( Methylthio  )toluene 
7,6,9, frith  iaundecane 

3- amino- 1-propene 

i-bromo-2 ,4-pentanedionato  :,l->  C 3-Bracao ) 

'  h  1 '  r  o -  2 , 4 -per, tanedionato  ;  1-  )  (3-Clacao 
'5-  i  ndc-2 ,4-pentanedionato  ( 1-  >  (3- 1  acac) 

3 -me thy  1-2,4 -pen tar.ed ionato  ( 1-  )  •'  3-Meacac) 

3-Fhenyi  •  2 . 4-penf  anedionato  { 1-)  •  3-Phaoao) 


U .  26 

f  nrj  i 

0.20 

r  r  -v  I 

0 . 23 

[23] 

0.28 

[45] 

0.17 

[4b] 

0 . 03 

[46] 

0 . 35 

r23l 

0 . 43 

[47] 

0.28 

PPLC 

0.31 

[48] 

0 . 30 

[43] 

0.34 

[23] 

0.45 

(0s) 

0.44 

(0s ) 

0.46 

l.2g  ] 

0.36 

[23] 

0.49 

[47] 

0.42 

[47] 

0.32 

[47] 

0.33 

[47] 

0.36 

[47] 

0.11 

[23] 

0.23 

[23] 

0.29 

[23] 

-0.04 

[46] 

0 . 36 

[23] 

-0 . 06 

[46] 

0.05 

[46] 

0 . 26 

[23] 

0.259 

[23] 

-0.13 

[46] 

0.36 

[23] 

0 . 75 

[23] 

0.28 

[23] 

0 . 23 

[23] 

0.23 

[23] 

0.23 

[23] 

0.30 

[23] 

0.23 

r i 

D  •L-'-1  j 

0.25 

[23] 

-0.08  [ 

23.46 

0.30 

[47] 

0.24 

[23] 

0.38 

[471 

0 . 34 

[50] 

0.13 

[23] 

-0 . 03 

[51] 

-0 . 03 

[51] 

-0 . 03 

[51] 

-0.  11 

[51] 

-0 . 09 

[51] 
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4-cyanopyridine-Ru(NH3)5  ( 2+ ) 

0.33 

[52] 

4-methoxyphenyicyanide 

0.60 

COOT 

J 

4 ,4 ' -Bipyridine  (4,4bpy) 

0 . 2"' 

[23] 

4 ,4 '-bithiazole  (btz) 

0 . 20 

[23] 

8-hydroxyquinolinato  (1-) 

-0 .  C9 

[53] 

3-methylthioqu incline 

0 . 30 

[23] 

Acetonitrile  :1b] 

0 . 34 

[23] 

Acrylonitrile  (ECN> 

0 . 38 

[23] 

Ammonia 

0.07 

r  n  o 

Azide  (1-) 

-0 . 30 

[23]“ 

Benzohydroximato,  p-methoxy  ( 2 -  ;* 

-C .  54 

[54] 

Benzohydroximato,  p-nitro  (2-1 

-0 . 50 

[54] 

Benzohydroximato ,  ( 2- } 

-0 . 52 

[54  : 

Benzo isonitrile 

0.41 

[23] 

Benzoisonitrile,  2.6-dichloro 

0.46 

PPLC 

Benzoisonitrile,  p-chioro 

0 . 38 

PPLC 

Benzoisonitrile,  p-methoxy 

0.36 

PPLC, [37 

Benzoisonitrile,  p-methyl 

0 . 37 

PPLC 

Benzyiamine  (PMA) 

0. 14 

[23] 

B-enzyl  isonitrile 

0.56 

[37] 

Binaphthyridine  (binapy)  (#) 

0.27 

[55] 

Bipyridazme 

0.30 

[23] 

Bipyrimidme 

0.31 

[23] 

Bipyrimidinet  4,4-Me2) 

0.24 

[23] 

Biqu in-line  (biq)  {17} 

0.29 

[55,56] 

Bis(4-pyridyl)acetylene 

0.27 

[23] 

Bis-alkyl-1 , 3-diazabutadiene 

0.13 

(CrCQ) , [ 

Bi-benzimidazolato  (1-) 

-0.03 

[58] 

Bi-benzimidazolato  (2-) 

-0.18 

[58] 

Bi -benzimidazole  (BiBizim) 

0.17 

[58] 

3i-imidazole  (BiiraH2> 

0 . 13 

[58] 

Bromide  (1-)  {5} 

-0.22 

[23] 

Butane(n)  thiolate  (1-) 

-0.55 

[59] 

Butylamine  (BA) 

0. 13 

[23] 

Butyronitrile  (PRC) 

0.35 

[23] 

Carbon  monoxide  (CO) 

0.99 

[23] 

Chloride  (1-)  {45} 

-0.24 

[23] 

Cyanate  ( 1- ; 

-0.25 

PPLC 

Cyclam  ([14]aneN4> 

0.10 

( Aq ) , [ 60 

Cyanide  (1-)  {6} 

0.02 

[23,61] 

Cyc iohexy 1 isonitrile 

0.32 

PPLC 

Diethyldithiocarbamato  (1-) 

-0.08 

[23,62] 

Diethylsulphide  {6} 

0.35 

[47] 

Dimethyldithiocarbamato  (1-) 

-0.12 

T23] 

Dimethylglyoximate  (1-) 

0.01 

[53] 

Dimethyl  Dimercaptomaleato  (2-) 

-0.47 

[59] 

Dimethy Iphenylphosphine  (MMP ) 

0.34 

[23] 

Dimethylphosphine 

0.34 

PPLC 

Dimethylsulf ide 

0.31 

[47] 

Dimethy isu iphide 

0.32 

[47] 

Dimethylsuiphoxide  (DM30  {8}  ».#) 

0.47 

[47 , 50 , 6 

Dinitr ogen 

0 . 66 

PPLC 

Di~2-pyridyL  ketone  (dpk)  (£' 

0 . 28 

[64] 

Di  -2-pyridylaminato  (1-)  (tt) 

-0.  16 

[65] 

D  i-2  -pyr  idy  iamme 

0.18 

[65] 

571 
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Ethanethiolate  (1-) 

-U .  56 

i  59  j 

Ethyl  nitrite 

0 . 70 

[23] 

Etny lene 

0 . 76 

( Aq  , 

[66, 

Ethylenediamine 

0 . 06 

[23,2 

'  w 

Ethylnitrile  {4} 

0 . 33 

1  ao  J 

Ethylxantnato  ( 1- ) 

-0 . 02 

r  oo  - 

L~*->  j 

Fluoride  <  1-  ) 

-0.42 

;  CrCO 

/  >  L  -1 

Formate  (1-)  i, For) 

-0 . 30 

f  O',  1 

Glycine  (i->  (giyc) 

-0 . 05 

L2oj 

Hydride  ( 1- ) 

-0 .  30 

PPLC 

Hydroxide  (1-; 

-o .  5a 

PPL1 ' 

Imidazole 

0. 12 

L  —  C  j 

Imidazole.  4 -vinyl 

0. 14 

[231 

imidazole,  N-methyl  vMeim) 

0 . 08 

[23] 

Iodide  ( 1— ) 

-0 . 24 

[23] 

isonicotinamide  {  isria) 

0  •  26 

( Aq  ) , 

r  r*  P  1 

lOuJ 

isonitrosopropiophenonato  ( 1-1 

0.01 

[23] 

i-Propyl  nitrite 

0.66 

[23] 

i -Propylamine 

0.05 

[23] 

i-Propyl isonitrile 

0 . 36 

PPLC 

Maleonitriledithiolate  (2-)  (mnt) 

-0 . 33 

[59] 

Methyl  nitrite 

0 . 72 

[23] 

Methyldiphenylphosphine  (MPP ) 

0.37 

[23] 

Methyl isonitrile 

0.37 

PPLC 

Methy Iphenylsulphide 

0.33 

[47] 

Naptnyr id ine 

0.24 

[23] 

Nitrate  (1-)  {8} 

-0. 11 

[23j 

Nitrite  ^ 1- ) 

0.02 

[23] 

Nitrosonium  (1+)  (NO)  {3}  (rf) 

-0 . 52 

[23] 

Norbornadiene 

0.46 

[23] 

n-Butyi isonitrile 

U.45 

[63] 

N-butyisalicy laldiminato  ( 1- ) 

0.46 

[70] 

N -Methy IBer.zohydroximato,  p-methyl  ( 1—  > 

-0 . 22 

[54]] 

N-MetnylBenzohydroximato,  p-nitro  (1-) 

-0.18 

[54]] 

N -methy lpyrazinium  (NMePyz)  (1+) 

0 . 73 

(Os: , 

[26  , 

N-methylpyridinium,  4-cyano  (1+)  (#) 

-0.17 

[52] 

N-methyl-<  2-pyridyl )-imine  (pymi) 

0.27 

rn<.  i 

L“"-J  j 

Octaethylporphyrin  (0EP)_  (2-)  (metal  in  plane) 

-0 . 07 

[71] 

Oxalate  (2-) 

-0.  17 

[23] 

o-Acetylphenolate  (1-) 

-0 . 07 

[70] 

L-Propionylphenolate  (1-) 

-0 . 10 

[70] 

Pentaf luorothiolato  (1-) 

-0 . 33 

[23] 

Ferchlorate  (1-) 

0 . 06 

[23] 

Phenol,  2-benzimidazolato  (1-) 

-0.20 

[58] 

Phenol,  2-benzimidazolato  (2-) 

-0.35 

[58] 

Phenyl cyanide 

0.37 

[23] 

Phenyicyanide ,  8-cyano 

0.43 

( Aq  ,  , 

r  r70  : 
L  '  -  ; 

Phenylcyanide,  4-chloro 

0.40 

( Aq  ) , 

r  70  t 

1  ■  —  j 

Phen  y Icyan id  e ,  4 - cy ano 

0.4S 

(  Aq  > . 

r  r7  *  \ 

Phenylcyanide,  4-methoxy 

C .  38 

( Aq  :• , 

[72] 

P  hen y  1  cyan  ide ,  4  -me  t  hy  1 

0 . 37 

(  Aq  :  , 

T7‘ :  1 

L  —  i 

P  ciyv/ny  1  i;nidozr'  le 

J .  1 1 

•  .-  1?  7 

i  j 

Pyr idaz  :ne  ■  pyd ) 

f:  *:«o 

i'23 ,  K 

8 1 

Pyrazme  :  p yz  ’  15} 

'  1 ,  i'O 

L  -  J 

Pyrazir.e . _ . o-v  di -2-pyridyl  >  dpypyx  '  ;  » 

0 . 32 

r  -3  •  ■ 

:  ,  "4 
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Pyrazole 

2 

v*;. 

r23] 

Pyrazole  ( 1- > 

-0 

[23  j 

Pyridine  {24} 

r. 

"!  C. 

Z-J  \ 

Pyridine,  2-aminoethyl 

0 

17 

L28] 

Fyriaine,  2-a.minomethyl 

Q 

' 

Pyridine,  2-benzimidazolato  1. 1  —  .■ 

-U 

.-•O 

r  c 

L  *-  j 

Pyridine ,  2-benzimidazoiyi 

U 

r  ’ 

•J  ■  J  j 

Pyridine,  2-imidazoiyl 

ri 

18 

i  J 

Pyridine,  2-isoquinoiyi 

0 

•■p, 

r  *  /0  i 

L  j 

Pyridine,  2-Phenylazc  (AzPyj 

4. 

!  — 

Pyr id ine ,  2 -qu ino iy 1 

L  2-  j 

Pyridine,  2-toluyiazo  /MeAzPy- 

0 

i. 

r  ",  -'i  i 

1“-'  j 

Pyridine,  2-( 2 " -napthyriiine > 

0 

VO 

L  7  i 

Pyr id ine ,  3 , 5-dichi oro 

l“l 

3  2 

’■  Aq  1- ,  [ '  '2  ] 

Pyr  id  ine ,  3 , 5  -d  line  t  hy  1 

IJ 

•  ■» , 

Aq:,['72J1 

Pyridine,  3-aminoethyi 

u 

. 

[23] 

Pyridine,  3- carboxamide 

0 

;  :7 

Aq  ) ,  [72] 

Pyridine,  3  iodo 

!  J 

oy 

r  --'is  ~ 

C  -  J 

Pyridine,  4 -acetyl 

o 

30 

[23’ 

Pyridine,  4-aldehydo 

0 

81 

( Aq  ' . [72] 

Pyridine,  4-carboxamido 

u 

28 

( Aq  ; ,  [  7  2  ] 

Pyridine,  4 -carboxylic  acid 

0 

29 

;  Aq  :• .  [72] 

Pyridine,  4 -Chi oro 

IJ 

26 

(Aq ) , [72] 

Pyridine,  4 -cyan o 

0 

on 

[52] 

Pyridine.  4-cyano  (nitrile  bonded) 

0 

38 

[52] 

Pyridine,  4-methyl  (4-pic) 

id 

23 

[23] 

Pyridine.  4-Phenyl 

J 

22 

( 0s  ) , [ bt ] 

Pyridine,  4-styryl 

0 

23 

[23] 

Pyridine ,  4-trif Luoromethyl 

0 

'V 

Aq  } ,  i  z  ( 

Pyridine,  4-t-butyl 

o 

nn 

[23  ] 

Pyridine,  4 -vinyl  (6) 

, 

u 

-:n 

r  ^  j 

Pyridine,  poly( 4-vinyl ;  •  PVP) 

0 

23 

[28] 

Pyrimidine  (pyrim  > 

0 

29 

r  •;  1 

Pyrimidine ,H  (1+) 

q 

43 

[  ■‘>3  ] 

r'yrro  1  ic,  inecarbod ithionato  ( 1  -  ■ 

-iJ 

r  v  -i 

p-Chl  'Tothiophenolate  ( 1-  ) 

-0 

43 

[53] 

p-Methyith:ophenolate  ( 1- ) 

-0 

48 

[5o] 

P-Toluenethiolate  (1-) 

-0 

48 

r  79 ) 

P -Toluol -sulfonate  (1-) 

-0 

1  O 

[Zc] 

Saiicylaidenyde  (1-) 

-0 

14 

17l  ; 

3e ienocyanate  ( 1- ) 

-0 

23 

r7.t- 1 

Dipyrido[3,2-c : 2 ‘  ,3 ' -ejpyridazine  .'Tap hen) 

o 

*V'V 

r  o-j  i 

i.  —  j 

Terpyridine  {16} 

;) 

t: 

i  2  J  J 

T  et rahyd  rot h iophene 

IJ 

30 

[50] 

Tet rapher.y iporp hyr in  TPP)  (2-;  (metal  in-plarie. 

0 

00 

m  i 

L  *  j 

Tetraaza  macrocyc le  (TZ 

0 

14 

[63] 

Thiocyanate 

-0 

06 

[23] 

Thiophene iato  . 1- ) 

-0 

[231 

Thiourea 

-  iJ 

Il¬ 

r  ->o  i 

u  *-**-'  ; 

Tri. azole  ,1,2,4 

0 

ls 

[231 

7r  iaZ'  :e ,  1 , 2 ,4  3.5-bis'pyr  idin-2-yl  >  (  1- 

,  i 

05 

[  76  ] 

7  r  i  jo.  i  .  1,2,4  3,.c  -b  is.  pyr  id  in  -  2  -y  1  H 

li 

11 

L  '7F  ] 

7r  :ar>.  1-*,  1 .2.4  4 -ally: 

1  •■> 

JLi. 

[28] 

Tr : aze le. 1 . 2,4  i-methy i 

o 

11 

r  23  ] 

Tr in  zo le , 1 . _ , 4  4 -Pheny 1 

*  A 
.  ‘t 

[27  j 

0/17/39 


_ _  i  j-  - 


Triazole ,1,2,4  ( 1- ) 

. 

’7 

[21 1 

Triethyiphosphine 

JJ  _ 

1-4 

!  42 , 5t  j 

Tr if luoroacetate  (  1- 

)  (TFA) 

“  ;J  . 

*  c. 

'  J,  | 

Trif luorosulfonate  ( 

1-) 

j. 

:  7  r;  ,  ;  r7r’  ; 

Tr  i  me  t  hy  1  p  ho  sp  h  ine 

0 . 

13 

'  •  Vr*  ,  :  -4  ’7".' 

Tr  ime  t  hy  ip  hos-ph  i  t  e 

>1. 

41 

K.-i  1 

Tr ipheny iars  me 

f ' 

r  c  -- 

T r  ipheny  Iphosphine  •: 

1U } 

;<Q 

L  JO  ) 

T  r ipheny Iphcsphite 

0. 

58 

7‘r 

Tr ipheny Is tib ine 

0 . 

Tr : to  1  y iphosph ine  ( MeP  > 

r* . 

'T  7 

[-  3  J 

T  r  i  -  n  -  Bu  t  y  ip  hosp  h :  n  e 

2y 

:  66  ] 

T ri-r.-p  r opy  lph o up- h  in 

0 

n 

34 

[56! 

t  -  1,1  -d  iamminocyc-  iohexane 

■_;2 ! 

ror.  i 

i  —  ^  j 

t-1 . 2-b Lsi 4-pyridyi ; 

e theme  (BPE: 

0. 

26 

i.  *-  ; 

t  -Bu  tyli  si;  nitrile 

36 

FrLC 

t-butv  ithiclate  1  i- 

-0 . 

t.  d 

f  m.H  "i 

u  -  -  j 

Vmyi  imidazole 

■J  . 

1 

2-0  1 

Water  ;  6  ■  s  ' 

■J  . 

IV4 

[42 , 78] 

Footr.- It's:  a'  The  .-lumber  in  round  brackets  is  the  net  charge  on  the  ligand;  the  letter 
code  in  round  brackets  is  the  abbreviation  used  in  the  Appendix  and  in  ref. [23];  Most 
data  were  derived  from  potentials  observed  with  1-3  compounds  -  numbers  in  braces  show 
where  more  than  3  compounds  were  used  and  the  data  averaged.  The  ( #  >  sign  means  that  t 
Eu  datum  is  somewhat  variable  from  one  complex  to  another. 

!  (.s',  'Trot'.  ( Aq  :  me  .an  t'r.at  the  iata  were  derived  from  osmium,  chromium  carf.myl 
aqu-  ,;s  :-.*her:i  :m  mxine  da^a  as  referenced ,  respectively,  assuming  a  perfect  f :  -  * 
approp"iat<-  cor  relate  cn  express--  ion .  PPLO  Signifies  derived  by  fifing  t:  the 
.  ‘  i  ■  -  Kr  -  /;  -fne--  •  .  *  arc :  param^'-r .  •'  7!’  =  3 ,  ~  .  12 .  l7--tetramethy  1-1 ,  6 .  1 1 .  It'-tetrasu  - 
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Table  2  Slope  and  Intercept  Data3,  Volts  vs  NHE 


Slope 

/SDd 

Intercept 

/SDd 

Regress. 

f fc 

Solvent 

Chromium  Cr(lII)/Cr(lI)(LS) 

1.18/0.06 

-1.72/0.15 

0.98 

18 

Organic 

Chromium  Cr( III )/Cr( II )(LS ) 

0.575/0.04 

-1. 12/0. 05 

0.98 

8 

Water 

Chromium  Cr(III)/Cr(II)(HS) 

0.84/0.05 

-! . 18/0.09 

0.98 

14 

Organic 

Chromium  Cr(I)/Cr(u)e 

0.52/0.02 

-1.75/0.1- 

0.97 

39 

Organic 

Iron  Fe(III)/Fe(II)(LS) 

0.68/0.02 

0.24/U.04 

0.99 

24 

Water 

Iron  Fe(III)/Fe(II)(LS)e 

1.10/0. 05 

-0.43/0. 12 

0.99 

14 

Organic 

Iron  FefllD/FeUDCHS) 

0.89/0.04 

-0.25/0.04 

0.99 

8 

Organic 

Iron  Fe(III)/Fe(II)[5CNJf 

1.60/0. 14 

0.99 

5 

Organic 

Iron  Fe(III)/Fe(II)[5CNih 

l.bl/0. 12 

****g 

0.99 

5 

Organic 

Manganese  Mn(III)/Mn(II)[5CN] 

0.38/0. 12f 

0.85 

6 

Organic 

Manganese  Mn( II)/Mn(I)e 

0. 81/0. 02 

-1.76/0.08 

0.99 

23 

Organic 

Molybdenum  Mo(I)/Mo(0) 

0.74/0.03 

-2.25/0.10 

0.99 

24 

Organic 

Niobium  Nb(V)/Nb(IV) 

0.76/0.02 

1.24/0.02 

0.999 

3 

Organic 

Niobium  Nb( IV)/Nb( III ) 

0. 75/0.01 

-0. 12/0.01 

0.999 

3 

Organi c 

Osmium  0s( II I )/0s( 1 1 ) 

1.0 1/0. 02 

-0.40/0.11 

0.98 

80 

Organic 

Osmium  0s( III )/0s( II) 

1.61/0.05 

-1.30/0.1! 

0.99 

18 

Water 

Rhenium  Re(IV)/Re(III) 

0.85/0.05 

0.50/0.13 

0.98 

18 

Organic 

Ruthenium  Ru( I II)/Ru( II) 

1.14/0.04 

-0. 35/0.09 

0.97 

44 

Water 

Tantalum  Ta(V)/Ta(lV) 

0.85/0.03 

0.67/0.03 

0.998 

3 

Organic 

Pi ckett/Pletcher 

1. 17/U.05 

-O. 86/0. 04 

0.98 

18 

Ruthenium  Ru(IIl)/Ru(II)  XYZ 

0.97/U.01 

U.O4/0.03 

0.99 

103 

Organic 

a)  All  six  coordinate  except  where  noted,  b)  Correlation  coefficient. 

c)  Number  of  data  points.  d)  Standard  error  in  volts,  e)  See  Table  3  for  isomer  f) 
Tet raphenylporphyri n  -  metal  out  of  plane,  g)  indeterminate  intercept  due  to  use  of  a 
macrocycle  core  of  uncertain  E.  value.  h)  from  Oct aethy lporphy rin ,  metal  out  of 
plane.  5GN  =  five  coordinate.  LS  =  low  spin,  HS  =  high  spin. 


Table  3  Contributions  to  th?  HCMC  orbital 
Carbonyl  Derivatives® 


energ e~ 


isonitrile  aril 


M(CNP ' 


ML> 


M  CN  h  ;  b  'J 

M'JNR^CO 

(-•-M  CN.M  , -i  >  CO  ’  2  j 

t  -H(  y  y  o  Oj  Oj  ^  C 

m-M(  CNR >a(0.  'a  ■: 

f-M(  CNR  )3‘  (X1  ;3  2 

o-M(CNR  :2(CC)4  3 

t-M(CNB)2(C0)4  4 

M ( CN  R 1 C  CO )  5  3 

M(CQ)e  4 


9 


4 


a:  Corre  ?tions  for  M(CNR)x(CO V  in  columns  1,2  assuming  that  the  isonitrile 
stabilises  the  3  orbitals  to  a  greater  degree  than  carbon  monoxide.  Correct 

'CCy  i:  ‘  *  ‘  ------ 

Co rrec 

L9 ,  MeNC,  C.CG 


M J 

N'B:  HCMC 
r  riNC ,  'J. 


.•  iamn  3  assuming  no  interaction  by  ligand  L . 


:>r  data  in  Tabl 
CO.  j.iov 


j . 15V .  Mn ( 1 1 )/Mn ( 1 )  -  PhNC 


M 


M 


rv 


co  meet  ions  app  1  ied  .  Fei  III  ;/Fe{  1 1  ; 


(see  text  for  significance!:  Cr( I  ) 
0.31,  MeNC,  0.19,  0. 
MeNC,  0.10V. 
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Appendix  A 

Data  presented  in  Figs. 

All  data  referenced  to  NHE.  Charges  refer  to  that  of  the  reduced  species  in  the  couple, 
though  in  many  cases,  the  electrochemical  observation  may  have  been  carried  out  on  the 
bulk  oxidised  species.  The  regression  lines  listed  in  Table  2.  do  not  necessarily 
include  all  the  points  on  a  given  Figure;  outlying  points  have  been  omitted  in  some 
oases . 
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Figure  Legends 

1.  Plot  of  observed  Ru( III )/Ru( II )  potentials  for  RuXxYyZz  complexes 

against  EEl.  Upper  (open  circles):  measured  in  organic  phase 
solvent,  are  referred  to  left-hand  Y  axis.  Lower  ('closer] 
triangles ) :  measured  in  water,  and  referred  to  right-hand  Y  axis. 

All  data  are  vs  NHE.  None  of  the  complexes  here  plotted  were  used 
to  derive  El(L)  v** lMes .  For  a  listing  of  the  data  plotted  here  arid 
in  subsequent  Figures,  and  for  the  relevant  references,  please  see 
Append ix . 

2.  Plot  of  Picket/Pletcher  ligand  parameters  against  corresponding  El',  L  :■ 

values . 


3.  Plot  of  observed  0s(III )/0s(II )  potentials  for  QsXxYyZz  complexes 
against  EEl.  Lower  (open  circles ):  measured  in  organic  phase 
solvent,  are  referred  to  left-hand  Y  axis.  UBpenJLulQSSd 
triangles ) :  measured  in  water,  and  referred  to  right-hand  Y  axis. 


4.  Plot  of  observed  Cr( III  )/Cr( II )  potentials  in  organic  phase  solvent, 
against  EEl.  The  open  squares  (upper  right)  represent  six 
coordinate,  low  spin  (LS)  chromium(II)  species  all  of  which  carry  a 
net  (2+)  charge  except  for  those  indicated  to  carry  (0)  or  (2-) 
charge.  The  closed  circles  (lower  left)  represent  six  coordinate 
high  spin  (HS)  chromium(II)  species  all  of  which  carry  a  (1-)  charge 
except  for  those  indicated  with  (1+)  or  (2+)  charge.  The  open 
triangles  (center  left)  represent  six  coordinate  XYCr(TPP)  species 
(TPP  =  tetraphenylporphyrin) .  In  this  figure  and  those  which  follow, 
the  charge  refers  to  the  lower  oxidation  state  complex. 


5.  (Upper)  Plot  of  observed  Fe( III  )/Fe( II )  potentials  in  water,  for  six 
coordinate,  low  spin  iron(II)  complexes  against  EEl.  The  open 
triangles  represent  net  (2+)  species  except  for  those  marked  with 
(0)  or  (2-)  charges.  The  species  represented  by  open  circles  all 
carry  (3-)  net  charge.  The  closed  circle  is  a  4-  charged  species. 
(Lower)  Plot  of  observed  CrCIII )/Cr(II)  potentials  in  water,  for 
six  coordinate,  low  spin  chromium(II)  complexes  against  EEl.  All 
species  carry  a  (2+)  charge  except  for  the  (4-)  species  as 
indicated . 


6.  Plots  of  observed  Fe(III )/Fe( II )  potentials  in  organic  phase 

solvent,  against  EEl.  Upper  right:  low  spin  (LS,  both  Fe(III)  and 
Fe(II)>  complexes;  the  filled  triangles  represent  a  range  of  (2+) 
species  except  where  otherwise  indicated.  The  filled  circles  are 
Fe(DHG-BF2)XY  species  (see  text).  The  open  circles  are  L2FeTPP 
species  (see  Text).  Lower  left:  (Open  triangles),  high  spin  (HS, 
both  Fe(III)  and  Fe(II))  six  coordinate  complexes  of  (1-)  charge. 


Plot  of  the  Mn(II)/Mn(I)  potentials  in  organic  phase  solvent  for 
a  variety  of  organometal lie ,  six  coordinate,  manganese  species, 
versus  EEl . 

Upper  data  set :  (Bight-hand  Y  axis)  Raw  EEl  data  uncorrected  for  the 
specific  isomer  involved.  Lower  data  set:  (Left  hand  Y  axis)  An 
isomer  correction  for  carbon  monoxide  and  isonitrile  ligands  is 
included.  The  open  circles  are  carbonyl  complexes  which  do  not 
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contain  an  isonitrile  ligand.  The  closed  circles  are  complexes  which 
do  contain  at  least  one  isonitrile  ligand. 

3.  Lower  data  set :  (Left  hand  Y  axis,  open  circles)  A  plot  of  the 
Cr(I)/Cr(0)  potentials  in  organic  phase  solvent  for  a  variety  of 
organometallic,  six  coordinate,  chromium  species,  versus  EEl, 
including  an  isomer  correction  for  carbon  monoxide  or  isonitrile 
ligands . 

Upper  data  set:  (Right  hand  Y  axis,  closed  triangles)  A  plot  of  the 
Mo(I)/Mo(0)  potentials  in  organic  phase  solvent  for  a  variety  of 
organometallic,  six  coordinate,  molybdenum  species,  versus  EEl  ( not 
isomer  corrected,  see  text). 

9.  Plots  of  redox  data  for  six  coordinate  Nb(V)/Nb(IV)  (upper,  open 

squares),  Nb(IV)/Nb(III)  (lower,  open  squares),  Ta(V)/Ta(IV)  (open 
circles),  and  Re(IV)/Re(III )  (open  triangles)  versus  EEl,  as 
annotated . 

10.  Plots  of  some  redox  data  for  five  coordinate  macrocyclic  species 
versus  EEl,  as  annotated.  XFeTPP  (open  triangles);  XMnTPP  (open 
circles);  XFeOEP  (closed  triangles).  (OEP  =  octaethylporphyrin) .  , 
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